Formation of complex nanomaterials would ideally involve single-pot reaction conditions with one reactive site per nanoparticle, resulting in a high yield of incrementally modified or oriented structures. Many studies in nanoparticle functionalization have sought to generate highly uniform nanoparticles with tailorable surface chemistry necessary to produce such conjugates, with limited success. In order to overcome these limitations, we have modified commercially available nanoparticles with multiple potential reaction sites for conjugation with single ssDNAs, proteins, and small unilamellar vesicles. These approaches combined heterobifunctional and biochemical template chemistries with single molecule optical methods for improved control of nanomaterial functionalization.
Introduction
Conductive and semi-conductive nanoparticles having unique electronic, catalytic or photophysical properties are considered to be promising tools applicable to nanotechnology. Even though the controlled manipulation and organization of these materials is of critical importance, there are currently few methods for generating functional and stable assemblies of bio-conjugated nanomaterials [1] [2] [3] . Numerous researchers have proposed different solutions to this challenge in order to generate structures that are both of inherent technological interest and provide a means to better understand the fundamental photophysical, chemical, and electronic properties of nanoparticles. Our approach to these ends focused on combining unique analytical methods which probe interactions at the single particle level with molecular selfassembly and recognition-based biochemical synthesis.
Several specific challenges in the realms of single molecule analysis and biochemical synthesis of nano-assemblies were addressed in this effort. These include methods for generating aggregate and single conjugate forms of nanoparticles with proteins, phospholipids, and DNA; detecting differences in the size of individual nanoparticle assemblies; temporally tracing the interaction dynamics between functionalized nanoparticle hosts and recognition targets; definining the photophysical properties of hetero-dimeric nanoparticle conjugates; specifying conditions which enable spectroscopic identification of a nanoparticle-conjugated biomolecule; and outlining potential means for deploying a functionalized nanoparticle as a multianalyte optical sensor.
Three primary single molecule optical methods, including hyperspectral fluorescence imaging (HSI), correlation spectroscopy (FCS, DLS), and surface-enhanced Raman spectroscopy were employed in this work. Together these methods enabled detection and characterization of the resulting nano-assemblies, and pave the way for next generation sensor technologies based on nanoparticle interactions with biomolecules of interest, especially genetic sequences, and peptide toxins.
Materials and Methods

1) Optical Measurements
Synthesis of heterodimeric nanoparticle conjugates
Initial experiments with nanoparticle conjugation were directed at understanding covalent was added to the centrifugation column, agitated gently, and stored for 2 hours at room temperature. The final Au-CdSe heterodimeric conjugates were then washed in a centrifuge tube as performed above, and suspended in 10 mM PBS for spectroscopic studies.
Synthesis of nanoparticle-DNA conjugates
For investigations involving nanoparticle-DNA conjugates for hybridization sensing, coupling methods similar to those employed for synthesizing nanoparticle heterodimers were adopted. Non-self hybridizing ssDNA and the appropriate complement sequences were purchased from IDT, Inc. in 21mer and 30mer lengths. In specified samples, sequences were further modified by the provider to introduce a 5'-amine for EDC conjugation with carboxyl-conjugated nanoparticles as well as a 5'-thiol, 3'-Cy3 fluorescently labeled ssDNA for assessing degree of conjugation and quenching.
Coupling of the 5'-amino-ssDNA with carboxyl-modified CdSe was performed by adapting the EDC synthesis described above. 1 mg/ml EDC and Sulfo-NHS were dissolved in separate vials of 2x PBS, pH 6 solution. Once the reagents had dissolved, four times molar excess of EDC was then added to 20 nmoles of carboxyl-modified CdSe in 1 ml of the PBS. Immediately following, Sulfo-NHS was added to the solution at 8 times molar excess, and allowed to react for 15 minutes. The solution was then transferred to a buffer activated 100 kD cutoff centrifugation column for separation of the coupling reagents from the carboxyl-modified CdSe nanoparticles. After centrifugation at 4000 rpm for 5 minutes or until ~90% of the solution had passed through the centrifugation column, ssDNA in PBS (final concentration of 10:1 mol/mol amino-DNA:CdSe) was added to the centrifugation column, agitated gently, and stored for 2 hours at room temperature. The final ssDNA-CdSe conjugates were then washed in a centrifuge tube as performed above, and suspended in PBS. Prior to spectroscopic imaging studies, serial dilution was employed to dilute the conjugates to 100 pM, and these were combined with similarly coupled complement ssDNA for hybridization studies.
1-to-1 ssDNA-Au nanocluster conjugates were performed by reacting monomaleimide modified Au nanoparticles with 5'-thiol ssDNA. The modified Au nanoclusters were dissolved in 20 µL of DMSO, and diluted 10x in water. Aliquots of this solution were then transferred to thiolated ssDNA solutions at a rate of 10x molar excess and the reaction was incubated for 18 hours at 4°C. Unreacted Au clusters were then separated from the ssDNA-nanoparticle conjugates in 100 kD cutoff centrifugation columns by spinning at 4000 rpm for 5 minutes. PBS buffer was added back to the columns to 0.5 ml, and the preparations transferred to Eppendorf tubes for spectroscopic analysis.
In order to define conditions under which ssDNA could be coupled in a 1-to-1 fashion with a surface modified fluorescent nanoparticle, a different coupling chemistry was adopted 5 . In this case, amino-PEGylated CdSe was dissolved in 1x PBS, pH 7.2 containing 1 mM EDTA for a final nanoparticle concentration of 8 µM.
Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC) was dissolved in the same buffer, and 4 different volumes corresponding to a logarithmic range of concentrations between 1x molar excess and 75x molar excess (in addition to a SMCC-free control) were pipetted into the amino-PEGylated CdSe nanoparticle suspension. After gentle agitation for one hour at 4°C, the solutions were transferred to 100kD cutoff centrifugation columns, and centrifuged for 30 minutes at 1000 x g. The nanoparticles were then recovered by adding buffer to the columns up to 0.5 mL. 5'-thio, 3'-Cy3 ssDNA was then dissolved in 1x PBS, pH 7.2 containing 1 mM EDTA, and combined with the SMCC activated amino-PEGylated CdSe nanoparticles at equimolar ratio. The reaction tubes were wrapped in foil and gently agitated for 2 hours at 4°C. The solutions were then removed from the reaction tubes and transferred to 100 kD cutoff centrifugation columns which were spun at 1000 x g for 30 minutes. Finally, the contents which passed through the column were subjected to fluorescence analysis to ascertain the degree of labeling.
Synthesis of Au nanoparticle-GroEL conjugates
Electrostatic binding of GroEL to 1.4 nm Au nanoclusters and 2 nm Au colloid was attempted by incubating GroEL at 60°C for 10 minutes with the following reagents: 100 mM potassium chloride, 25 mM tris-hcl, 25 mM magnesium chloride, 36 μM adenosine-5'-triphosphate. After 10 min incubation, ATP triggered GroEL was incubated with 3 x 10¹² gold colloids and nutated for 1 hour at room temperature. The GroEL and gold nanoparticle complex was run through a 100,000 MWCO Centricon centrifugal filter (Millipore, Brillerica, MA) for 3 min at 4000 rpm and washed twice with 500 μL of water for 5 minutes and 4000 rpm before being brought to a final volume of 200 μL with water.
Final protein concentrations were determined using absorbance at 280 nm and extinction coefficients of 23, 800 M -1 cm -1 .
Au nanoclusters were directly conjugated to GroEL by adapting the method of Hashida, et. al 6 . Five times molar excess of dithiothreitol (DTT) was added to 200 µL of a 10 mM tris-HCl, pH 7.5 buffered solution of 10 µM GroEL. This solution was incubated at room temperature for one hour, after which the DTT was removed in a BIO-Spin 30 Tris centrifugation column by spinning at 4000 rpm for 3 minutes. Monomaleimide Au cluster was dissolved in 1:10 ratio of DMSO:water and 7.5 times molar excess was then added to the protein solution for a total volume of 400 µL. The resulting nanoparticleprotein solution was incubated for 18 hours at 4°C, after which, the conjugate was separated from the unbound nanoparticles in a BIO-Spin 30 Tris centrifugation column as described above, and stored at 4°C.
Self assembly of Au nanoparticle-SUV assemblies
Self assembly of small unilamellar vesicles (SUVs) was initiated by combining 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphothiethanol (DPPTE) (Avanti Polar Lipids, Inc.) as chloroform solutions to a round bottom flask. The chloroform was then removed by streaming dry N 2 until a lipid film was apparent, followed by placing the preparation under vacuum for 1 hour. Once the solvent had been removed 100 mM PBS, pH 7.2, was added to adjust the final phospholipid concentration to 1.5 mg/ml. Molar ratios of POPC:DPPTE corresponding to 1:10, 1:50, and 1:100 were investigated for Au nanocluster binding. The resulting liposome suspension was then subjected to ultrasonication using a Branson 250
Ultrasonicator (microtip setting = 6, duty cycle = 20 %) for 10 min. at 4º C, thus generating small (<100 nm dia.) unilamellar vesicles.
Monomaleimide Au nanoclusters were dissolved in 20 µL of DMSO, and diluted 10x in water. Aliquots of this solution were then transferred to the SUV suspensions at a rate of 5x the molar equivalent of the DPPTE component and the reaction was incubated for 18 hours at 4°C. Unreacted Au clusters were then separated from the SUV-nanoparticle conjugates in centrifugation columns by spinning at 4000 rpm for 5 minutes. PBS buffer was added added back to the columns to 0.5 ml, and the preparations transferred to
Eppendorf tubes for spectroscopic analysis or silver enhancement.
Deposition of Silver thin films on Au nanoparticle conjugates
The LI Silver Enhancement (LIS) kit provided by Invitrogen, Inc. was used to generate thin films of Ag onto Au nanoclusters which had previously been conjugated to a protein or phospholipids in SUVs. Samples to be coated with silver were first desalted in a water activated 100 kD cutoff centrifugation column at 4000 rpm for 5 minutes, or until ~90%
of the solution had passed through the column. Subsequent steps were performed in the dark, without removing the solution from the centrifugation tube. Immediately after combining the LIS enhancer and developer reagents 0.5 ml was added, with pipette stirring, to centrifugation columns containing the protein-or SUV-conjugates of interest.
In order to control the thickness of the silver layer, centrifugation was initiated at time points corresponding to 0, 5, and 10 min following exposure to the enhancer/developer cocktail using the column, speed, and time specifications described above. After centrifugation was complete, 0.5 mL of buffer solution was added to the centrifugation columns, and the preparations transferred to a light-protected Eppendorf tube for spectroscopic analysis.
Hyperspectral Confocal Fluorescence Imaging
Spectral image data were collected using a scanning confocal hyperspectral microscope described by Sinclair et. al 7 . In this system, fluorescence emission is excited by a continuous wave 488 nm sapphire laser and collected at each point over a spectral range of 500 nm to 800 nm using a prism-based EMCCD spectrometer. Vertical binning of the spectral data in 512 EMCCD pixels combined with a push-broom readout mode 8 allows data collection to be performed at a maximum sustained readout rate of 8.3 Mbits/s at a spectral resolution >3 nm. In the described experiments, low resolution imaging was performed using an infinity corrected 20x objective (Nikon, PlanApo NA = 0.75),
corresponding to an in-plane voxel dimension of 0.24 m per side. High resolution imaging was performed using an infinity corrected 60x oil-immersion objective (Nikon, PlanApo VC NA = 1.40), corresponding to an in-plane voxel dimension of 0.12 m per side. In both cases, 204 x 204 point spectral arrays were collected at a scan rate of 4167 spectra per second, for an overall single image collection time of ~10 sec. For evaluation of the time dependent effects, images were collected at pre-programmed delay intervals at arbitrary spatial locations on the sample.
Fluorescence Correlation Spectroscopy
High temporal resolution photon counting data were collected using a custom dual channel confocal system. This system excites fluorescence using a spatially filtered 
Photon Correlation Spectroscopy/Dynamic Light Scattering
Photon correlation spectroscopy (PCS, also known as DLS) has been implemented as a second capability using the same hardware and software as the photon counting aparatus described in the fluorescence correlation spectroscopy method. In this system, a spatially filtered continuous wave 488 nm Ar ion laser is split with a cube beam splitter, providing two equal length optical arms for cross-correlation analysis. The experimental arm contains a cuvette with the aqueous nano-assembly sample of interest, whereas the reference arm contains a matched cuvette with either ultra-pure water or the sample buffer. Scattered light from each arm is collected normal to the direction of propagation of the laser and focused into the respective APD fiber pinhole. Following software crosscorrelation of the reference and experimental scatter, analysis is performed using a three parameter sum of exponentials and variance calculated using a second-order cumulant model, using LM non-linear least squares fitting, as above.
Raman Spectroscopy
Raman spectroscopy was performed on evaporation deposited and solution phase nanoparticle assemblies using a Nicolet Almega Raman confocal microscope system (Thermo Scientific, Inc.) using a 40x objective lens (0.9 NA, Olympus, Inc.). Excitation of plasmon resonance in conductive nanomaterial composites and Raman scattering was performed using a 532 nm Nd-YAG laser with illumination power of 10 mW at the sample, measured with a pre-calibrated Si photodiode power sensor (Thorlabs, Inc.).
Spectra were acquired using a1200 line/mm gratings with a spectral range of 400 cm -1 -2800 cm -1 , and a spectrograph aperture of 50 mm. Typically spectra were integrated over 30 seconds, with averaging from 2 independent measurements. In some cases, however, time series were collected without averaging, with integration times of 2 seconds per spectrum.
2) Electrochemical Measurements
Preparation of GroEl and gold nanoparticle complex
Chaperonin 60 (GroEL) was purchased from Sigma (St. Louis, MO). Magnesium chloride, potassium chloride, tris-hcl and adenosine-5'-triphosphate (ATP) were purchased from Sigma (St. Louis, MO). All solutions were prepared with 18 MΩ water using a Barnstead Nanopure water purifier (Boston, MA). 2nm colloidal gold was purchased from Ted Pella, Inc (Redding, CA).
GroEL (1.25 μM) was incubated at 60°C for 10 minutes with the following reagents:
100mM potassium chloride, 25 mM tris-hcl, 25 mM magnesium chloride, 36 μM adenosine-5'-triphosphate. After 10 min incubation, ATP triggered GroEL was incubated with 3 x 10¹² gold colloids and nutated for 1 hour at room temperature. The GroEL and gold nanoparticle complex was run through a 100,000 MWCO Centricon centrifugal filter (Millipore, Brillerica, MA) for 3 min at 4000 rpm and washed twice with 500 μL of water for 5 minutes and 4000 rpm before being brought to a final volume of 200 μL with water. Final protein concentrations were determined using absorbance at 280 nm and extinction coefficients of 23, 800 M -1 cm -1 .
Release of gold nanoparticles
After incorporating gold nanoparticle into GroEL and immobilization of GroEL, the release of gold was induced by the addition of ATP. The immobilized GroEL and gold nanoparticle complex was incubated at 70° C for 10 minutes in the same buffer used for incorporation of gold nanoparticle. The ATP induces a conformational change which evidently releases the gold nanoparticles from the GroEL pore.
Preparation of diazonium functionalized chaperonins immobilized onto carbon electrodes
Chaperonin 60 (GroEL) was purchased from Sigma (St. Louis, MO). Sodium phosphate monobasic, sodium phosphate dibasic, sodium carbonate, sodium bicarbonate, and 30% H2O2 were purchased from Sigma (St. Louis, MO). Fluoroboric acid was purchased from
4-aminobenzoic acid and N-hydroxysuccinimide (NHS) were purchased from Acros Organics (Beel, Belgium). All solutions were prepared with 18 MΩ water using a Barnstead Nanopure water purifier (Boston, MA). All electrochemical measurements were performed on a PGZ 100 Voltalab potentiostat (Radiometer Analytical, Lyon, After overnight incubation, the samples were removed from the GroEL and gold nanoparticle solution, rinsed with Nanopure water and then blown dry with nitrogen.
Mutagenesis of GroEL D490C
One of the strategies to immobilize a functional GroEL was to genetically modify the GroEL protein to facilitate immobilization. Following published protocol 9 Asp490, which is located on the outer surface of the equatorial domain 10 , was substituted with cysteine for direct labeling with biotin maleimide.
Overexpression and purification of GroEL D490C
A gene encoding GroEL, derived from reported sequences of the protein and found naturally in E. coli, was chemically synthesized by Integrated DNA Technologies, Inc.
This GroEL gene was designed with specific restriction sites that facilitated the cloning process. In addition sequences were modified for successful intra-cellular expression. The sequence for GroEL is shown below.
…Genetic sequence produced by Integrated DNA Technologies based on the sequence of the protein produced in E. coli….
We cloned the genetic sequence into the expression vector pET21c which was purchased from Novagen (Madison, WI). Restriction enzymes, BL21 cells, calf intestinal alkaline phosphatase, and ligation kit utilized for cloning the GroEL gene into the vector was purchased from New England Biolabs (Ipswich, MA).
Rhodanese was purchased from Sigma (St. Louis, MO). Sephacryl HR-300 was purchased from Sigma Aldrich. DE-52 anion-exchange resin was obtained from GE Healthcare (Clifton, NJ). The GroEL Monoclonal Antibody (9A1/2) was purchased from Assay Designs (Ann Arbor, MI).
Construction of GroEL expression plasmid pET-D490C
GroEL expression plasmid pET-D490C was constructed by inserting a 1. 
Expression of GroEL in pET21c vector
GroEL recombinant plasmid was grown in 50 mL of LB medium containing ampicillin EDTA, 1mM DTT, and 0.1 mM PMSF). In addition, 3mL of 10 mg/mL of lysozyme was added to the induced culture. The cells were nutated in buffer 1 for 5 minutes before sonication. Sonication was carried out for 2.5 minutes on ice. Cell lysate was then centrifuged at 100,000g for 1 hour in an ultracentrifuge. At this point the supernatant solution contained the soluble protein and was ready for further purification.
Purification of GroEL
The supernatant containing the GroEL protein was treated with 25 mL packed volume of DE-52 anion exchanger equilibrated to pH 8.0. The resin and supernatant was mixed for 30 min on a nutator and centrifuged at 3000g for 15 minutes. GroEL in the supernatant solution was precipitated with ammonium sulfate (50% saturation) and equilibrated for 1 h, and the precipitate was collected by centrifugation at 12,000 g for 30 min. The ammonium sulfate precipitate was dissolved in 2 mL of buffer 1 and GroEL was purified by gel filtration chromatography on Sephacryl HR-300 column equilibrated with buffer 1.
The concentration of GroEL was determined using absorbance at 280 nm and extinction coefficients of 23,800 M -1 cm -1 11 . Purified GroEL was dialyzed against 50 mM tris-HCl, pH 7.5, and 1 mM DTT. GroEL aliquots were frozen in liquid nitrogen and stored at -80ºC.
Folding Assay
The folding activity of GroEL was tested by detecting the denaturation and renaturation of rhodanese as described by Mendoza et al 12 . Rhodanese activity was detected based on the method of Sorbo 13 as described in 11 .
Results
1) Optical Measurements
Bulk characterization of nanoparticle-DNA conjugates
Few traditional bulk analytical techniques are available for probing detailed nanoscale architechture; however, where possible, UV-Vis absorption was employed to address degree of labeling in DNA-nanoparticle and protein-nanoparticle conjugation.
To assess the effect of different molar excess treatments of the SMCC reagent on coupling of ssDNA to amino-PEGylated CdSe nanoparticles, the fluorescence intensity (530 nm ex., 565 nm em.) of the flow-through of 5'-thio, 3'-Cy3-ssDNA was measured for different SMCC ratios to the nanoparticle and DNA. The results of this assay are depicted in Figure 1 . The maximum yield of this assay was calculated based on the difference between the 0 mM SMCC and the 50x molar excess SMCC, and was found to be ~10%. Although this yield is unsatisfactory for most single molecule assays, the result allowed the determination that 10x excess of 5'-thio, 3'-ssDNA is necessary for generating a high yield of 1:1 ssDNA-CdSe nanoparticle conjugates under conditions of saturating SMCC.
The linear fit to the single logarithmic plot yields an exponential increase of single conjugates with increasing SMCC, indicating a single-step activation mechanism of 20 and 30mer thiolated ssDNA.
Hyperspectral imaging of fluorescence from nanoparticle conjugates
Initial studies were performed on CdSe nanoparticles at various buffer strengths and concentrations to determine conditions necessary for single particle hyperspectral fluorescence imaging experiments. It was found that evaporative deposition of polymer stabilized CdSe particles are insensitive to the osmotic strength of the buffer solution at concentrations below ~100 pM, producing diffraction limited emission from individual particles with signal-to-noise ratio >4:1. Furthermore, high intensity aggregates were observed in <1% of depositied particles. An example of hyperspectral fluorescence data obtained in this manner is shown in Figure 2 . 
Correlation measurements: interaction dynamics and particle sizing
Significant effort was leveraged to develop a unique high resolution particle sizing and reaction dynamics instrument to allow both fluorescence and elastic scattering measurements of ultra-small nanomaterial conjugates. The resulting instrument utilizes laser excitation and dual high-sensitivity APD detectors for cross-correlation analysis, thereby simultaneously providing high performance, while eliminating excitation instabilities and detector afterpulsing which contaminate fast timescale correlation data.
This format also extends the concentration range for measurements by reducing the effects of multiple-scattering. A demonstration of a dynamic fluorescence correlation measurement involving a fl-biotin-streptavidin binding reaction is shown in Figure 5 . Several relevant parameters of interest can be determined from the depicted fluorescence correlation decay curves. The short time-scale correlation intensity reveals the correlation volume occupation number (concentration), whereas fitting of the curves to diffusion models provides diffusion constants and thus a measure of the size of the complex and indication of shape deviations. In the biotin-streptavidin binding sytem in particular, the molecular mass of the final complex was found using the characteristic diffusion time (shown as dotted lines to the Tau axis) in the Stokes-Einstein relation, yielding ~74kD, which is consistent with previous reports for this complex.
Several measurements of functionalized nanomaterials, including sizing of proteinnanoparticle and SUV-nanoparticle conjugates, were performed using this instrument in the Photon Correlation Spectroscopy mode described above. In the case of conjugates employing Au colloids and nanoclusters, aggregation was found to be significant, and depend highly on buffer type and osmolarity. Initial Au particle sizing measurements at low osmolarity (10 mM tris-HCl) were highly inconsistent, often yielding particle sizes of 120 nm diameter and above. Subsequent additions of KCl showed a significant size reduction, which is depicted in Figure 6 . The aggregation of Au colloid presents a difficult challenge for future efforts employing these particles in solution state chemisty which are intolerant to highly buffered solutions.
Bath sonication of Au colloid samples was attempted for reducing aggregation, but negligible results were observed.
Sizing measurments of Au nanocluster-GroEL conjuates is shown in Figure 7 . and GroEL-Au is suggestive that nanoparticle conjugation was successful; however the size of GroEL is ~10x larger than expected.
Unconjugated GroEL was found to have a particle size significantly larger than expected.
Although the cause of this result is unknown, Au-GroEL conjugation appears to have been successful by the slight increase in size observed. This size increase corresponds to 1:1 conjugation based on previous sizing data collected with Au colloid alone. One possible explanation for the unexpectedly large size distribution of the protein is crosslinking of surface accessible thiol-moieties, generating polymer forms of GroEL.
Sizing measurements of SUV-Au conjugates are shown in Figure 8 . DPPC:DPTE SUVs which had not been exposed to maleimide modified Au nanoclusters showed a narrow distribution of sizes centered at 33 nm dia. In preparations where the DPPC:DPTE ratio was 50:1, the distribution was slightly broader (±20 nm), and centered at 52 nm. At DPPC:DPTE ratio of 100:1, the distribution was also increased (±24), and centered around 44 nm. At DPPC:DPTE ratio of 10:1, no accurate fitting could be applied, indicative of high dispersity, and disruption of the self-assembled structure. The increases in size of the self assembled bilayer SUVs at lower DPPC:DPTE is consistent with the formation of Au-nanocluster pendants, which are intended to be used for seed formation via Ag deposition for preparation of hollow Au-Ag nanoshells.
Surface enhanced Raman spectroscopy
Raman spectroscopy is a valuable technique for uniquely identifying many chemical and biological analytes of interest. In the traditional implementation, however, pure enhanced sample was observed using a fast data collection mode, which is not averaged.
In this mode, a single point spectrum is acquired and displayed at 2 second intervals.
When solution data was collected in this manner, large temporal deviation was observed, 
2) Electrochemical Measurements
Mutagenesis Results
In Figure 
Purification Results
The purification method was a combination of protocols described by Mendoza 12 and 
Release of gold particles from immobilized chaperonins
Immobilization of the native GroEL via diazonium chemistry and the thiol gold protocol worked but required optimization (thus the cysteine substituted GroEL mutant). Table 1 shows the release of gold from immobilized GroEL. As higher concentrations of ATP were added, higher concentrations of Au particles were released. The AuNPs were incorporated into the GroEL chaperonin at the same concentration (2.78 µM GroEL) in each experiment and then ATP, at different concentrations, was added to release the gold.
The gold was then detected in solution using an absorbance assay at 600 nm. The lower concentration looks like the control, showing no release, but at higher concentrations of ATP, release of gold occurs. The amount of ATP to release Au is a lot less in experiments conducted on unbound GroEL ( Figure 12 ). This is explained by the fact that the protein is more rigid once immobilized so the concentration of ATP required for release will be higher. biochemical recognition events provide a unique strategy amenable to both optical and electrochemical synthetic and detection schemes. In these studies, polymer stabilized, colloidal, and atomic cluster nanoparticles were employed, and found to have dramatically varying, environmentally dependent properties. Combined with the ubiquitous nano-biological structures; proteins, DNA, and phospholipid liposomes, enhanced materials tailoring and sensing have been achieved. 
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